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ABSTRACT
Background: Obesity is characterized by excessive accumulation of adipose tissue and is associated with higher
risk of metabolic diseases and other comorbidities. Efficacious strategies including a diet high in “functional
foods” are promising. Plukenetia huayllabambana known as Sacha Inchi (SI), is a legume which seeds are rich in
proteins, tocopherols, and fatty acids such as omega-3 (ω-3). The latter has emerged as a potential protective
nutrient against the cardiometabolic risks associated with obesity. Omega-3 changes the membrane lipid profile
of hepatic and adipose cells triggering the expression of antioxidant and anti-inflammatory genes. However,
there are few reports in relation to the effect of these oils in inflammatory and stress response related to obesity.
In this sense, the present study evaluated the effect of SI oil emulsion on nitric oxide and leptin levels in the liver
and some markers of oxidative stress and inflammation in adipose tissue from the rodent obesity model.
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Methods: Six groups were formed: Not obese control group (Noc), obese control (Oc), two groups treated with
the emulsion of SI oil (Os1:0.25g ω-3/day; Os2:0.5g ω-3/day), one obese group treated with atorvastatin (Oa)
and one group treated with atorvastatin plus the emulsion of SI oil (Oas2).
Results: Os1 and Os2 lowered nitric oxide and increased liver leptin levels. In the adipose tissue, the superoxide
dismutase and reducing antioxidant power increased significantly in Os1 and Os2 groups. The anti-inflammatory
marker IL-4 was also increased in Os2, Oa and Oas2 compared to the Oc and IL-10 increased in Oas2 group.
Conclusion: Our study suggests that the emulsion of SI oil can modify the inflammatory and stress responses
associated with obesity and it can be incorporated as a promising functional food.
Keywords: Inflammation, leptin, obesity, nitric oxide, oxidative stress, SI oil emulsion.
©FFC 2021. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0
License (http://creativecommons.org/licenses/by/4.0)

INTRODUCTION

because it reduces protective cardiorespiratory

Obesity is a multifactorial disease whose prevalence

reserve as well as potentiates the immune

has increased in the last years reaching a pandemic

dysregulation. This latter appears, at least in part, to

level. It represents a risk for human health since it is

mediate the progression to critical illness and organ

associated with a higher probability of Type 2

failure in a proportion of patients with COVID-19

diabetes

[4,5].

myocardial

mellitus,

fatty

infarction,

liver,

stroke,

hypertension,
mental

illness,

The most common cause of this illness is an

osteoarthritis, obstructive sleep apnea and various

imbalance between energy intake and expenditure,

types of cancer, diminishing the quality and life

which causes an increase in fat storage related to an

expectancy [1–3]. Obesity has also been linked to be

inflammatory state. It stimulates the infiltration of

a unifying risk factor for severe COVID-19 infection

monocytes and macrophages in hepatic and adipose
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tissue increasing the production of pro-inflammatory

However, it is necessary to continue evaluating its

cytokines such as TNF-α, leptin, and IL-6 and

effects in liver and in adipose tissue since it regulates

decreasing adiponectin, IL-10, IL-4 [6–8]. Increased

the lipid metabolism by the adipokines release.

leptin levels in serum cause the blockage of their

Consequently, the aim of this study was to evaluate

anorexigenic effects and benefit the inflammatory

the effect of Sacha Inchi (SI) oil emulsion on NO and

process. However, leptin has also lipolytic functions

hepatic leptin levels, and in some oxidative stress

that can lower tissue triglycerides [9,10].

and inflammation markers of adipose tissue in a

Nitric oxide (NO) has been increased in obesity

high-fat diet-induced obesity rat model.

models contributing to insulin resistance and
vascular effects [11]. Under normal physiological

MATERIALS AND METHODS

conditions NO can act as a second messenger and

Animals and diet: One hundred male rats of the

antioxidant, though in pathological cases like sepsis,

Sprague Dawley strain, approximately 6 weeks old

inflammation, ischemia or obesity, could lead to

and 180g of weight, were used. The animals

cytotoxicity by the production of reactive nitrogen

obtained from the animal facility of the Universidad

species (RNS) [12]. Oxidative stress (OS) is another

Peruana

biological process disrupted in obesity which induces

acclimatized for one week under 12 hours of light

the expression of malondialdehyde (MDA), a marker

and 12 hours of darkness. They received a diet high

of lipid oxidation, diminishing its antioxidant

in lipids of 45% Kcal (HFD; D12451, 45kcal% of lipids,

capacity [13,14]. Increasing OS, especially in

Research Inc. USA) for a period of 16 weeks.

epididymal adipose tissue, could be reduced by the

Approximately 40% of them were classified as obese

catalase (CAT) and superoxide dismutase (SOD)

by their body weight, Lee and Roher index, total

activity as antioxidant enzymes [15–17]. SODs

cholesterol, and triglycerides [24–26]. These animals

convert superoxide radical into hydrogen peroxide

were grouped for treatment: obese control (Oc, n =

and molecular oxygen, while the catalase converts

6), obese 2.5 ml dose of the SI emulsion 1 (Os1, 0.25g

hydrogen peroxide into water [18].

ω-3/day, n = 7), obese 2.5 ml dose of the SI emulsion

Cayetano

Heredia

(UPCH)

were

Sacha inchi (Plukenetia huayllabambana) also

2 (Os2, 0.5g ω-3/day, n = 7), obese with 10mg/Kg

named Inca inchi, is a native plant to the Peruvian

atorvastatin dose (Oa, n = 6) and obese with

Amazon and is recognized as a sustainable crop with

10mg/Kg atorvastatin (10mg/Kg) plus 2.5ml SI

commercial

been

emulsion 2 (Oas2, n = 6). Another group received a

investigated due to its composition in proteins and

standard diet with 10% Kcal of lipids (LFD, D12450B,

omega 3 fatty acid (ω-3) [19,20]. This latter has

10kcal% of lipids, Research Diets, Inc. USA) to

emerged as a potential protective nutrient against

conform the non-obese control group (Noc, n = 6).

the cardiometabolic risks associated with obesity

After an eleven-week orogastric treatment period,

[21,22]. Sacha Inchi (SI) oil was previously reported

they were sacrificed on an empty stomach with

by our group to have an antilipemic effect in serum

pentobarbital to extract blood by cardiac puncture.

and liver and it was investigated due to its

Then, the blood was centrifuged to obtain the serum

composition and potential health benefits [19,23].

and stored it at -20°C for subsequent laboratory

applications.

The

oil

has
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analysis [27,28]. The liver and adipose tissue were

(Calbiochem) at 1-5 mM were used for the FRAP and

also removed and frozen with liquid nitrogen to be

ABTS+ assays at 593nm and 660 nm, respectively

stored at -80°C.

[33,34].

The SI emulsion was synthesized from seeds of

The enzymatic activity of SOD and CAT in

Plukenetia huayllabambana (LMH-E1410) by HERSIL

adipose tissue were determined by the capacity to

S.A. (Lima Peru). The emulsion was mixed with

inhibit the autoxidation of pyrogallol and the

excipients at a ratio of 1: 1.74. The SI oil was

formation of chromic acetate. Adipose tissue was

composed of 54.79% linolenic acid, 26.69% linoleic

homogenized (25% weight/volume) at 4°C with tris-

acid, 9.71% oleic acid, 5.2% palmitic acid and 1.9%

cacodylic acid buffer containing 1mM EDTA, pH 8.2.

stearic acid measured by High Performance Liquid

Then, it was centrifuged at 6000 g at 4°C for 10

Chromatography. All the procedures were approved

minutes. The supernatant was used to measure the

by the IRB from UPCH.

activity of SOD at 420 nm [35,36]. For the catalase
activity,

the

epididymal

adipose

tissue

was

Determination of antioxidant stress and anti-

homogenized (25% weight/volume) in phosphate-

inflammatory markers in epididymal adipose

buffered saline pH 7 at 4°C and centrifuged at 10000

tissues: MDA was measured by thiobarbituric acid

rpm at 4 °C for 15 minutes. The supernatant at a

reactive species (TBARS, SIGMA) concentration at a

dilution de 1/1000 in phosphate buffer with 0.5%

wavelength of 532 nm. It was added to 100 ul of

BSA was used to evaluate the activity of catalase at

beta hidroxitoluene (BHT, SIGMA), 100 ul of FeCl3

570nm [37,38].

6H2O, 1.5ml of acetate buffer and 1.5ml of

To evaluate IL-4, IL-10 and TNF-α in adipose

thiobarbituric acid (TBA, SIGMA) to 100 ul of the

tissue, 1g was homogenized with 4ml of RIPA buffer

sample (1:10). Then, it was mixed vigorously and

and protease inhibitor, then centrifuged at 13000

incubated for one hour at 95-100ºC, 2.5 ml of

rpm for 10 min at 4°C. Supernatants diluted 1:4 were

butanol and 0.5 ml of water were added and

used to determinate cytokines according to DB

blended for one minute to be centrifuged after at

OptEIA commercial kit procedures (BD Biosciences).

4000 rpm for 10 minutes. The concentration of

The samples were read at 550 nm in a microplate

MDA in adipose tissue (nmol/g of protein) was

reader VERSAmax, CA 94089, Molecular Devices.

estimated using a calibration curve with 1,3,3tetraethoxypropane (SIGMA) [29,30].

Determination of NO and leptin in the liver: 0.5 g

Two methods were used to determine the

of liver tissue was homogenized with 2 ml of RIPA

antioxidant capacity in adipose tissue, the ferric

buffer (SIGMA-ALDRICH) and protease inhibitor at

reducing antioxidant power (FRAP) and ABTS+ tests

4ºC [39]. It was centrifuged 10000 g at 4ºC for 60

[31]. 0.5g of adipose tissue was homogenized in 2

minutes in plates with filters (10-30 kDa) and the

ml phosphate buffer 10 mM at 4ºC, then
centrifuged at 1500 rpm for 10 minutes. The
resulting supernatant was diluted 1:2 and used for
an antioxidant capacity test [32]. For the standard
curves, ferrous sulphate at concentrations of
62.5-2000 μM and trolox

supernatants were used to determine nitric oxide
according to Nitrate/Nitrite Assay Kit user manual
(CAYMAN CHEM). To determine liver leptin, the
tissue was homogenized at a weight-volume ratio of
1:5 with RIPA buffer and protease inhibitor at 4°C
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[39]. After that, the homogenized tissues were

RESULTS

incubated at 4°C for 60 min and then centrifuged at

Effect of the emulsion of SI oil emulsion on

16000 g at 4°C for 1 hour. The supernatants were

antioxidant stress and anti-inflammatory markers

used to measure liver leptin according to kit method

from adipose tissue: FRAP marker significantly

Millipore ELISA (catalog number: EZRADP-62K). The

decreased in the Oc group compared to Noc but

samples of NO were read at 550 nm in a microplate

increased significantly in group Os2 (42%) compared

reader VERSAmax, CA 94089, Molecular Devices.

with the Oc group (p<0.05). The SOD activity
significantly decreased in Oc group (58%) compared

Determination of protein levels: To normalize the

to Noc. The groups Os1 and Os2 treated with the SI

protein concentration in liver and adipose tissue, 25
ul of homogenate was used at a dilution of 1:20 and

oil emulsion have 4.4 to 2.5 times more SOD activity

1:10,

BCA

than the Oc group, respectively (p<0.05). Anti-

commercial kit (THERMO SCIENTIFIC) procedures

inflammatory markers such as IL-4 and IL-10 showed

were performed.

differences in their concentrations(p<0.05). IL-4

respectively.

Then,

Pierce®

increased in Os2, Oa and Oas2 groups compared to
Statistical analysis: The statistical analyses were

Oc (p<0.01). Although Os1 group showed an increase

performed using the STATA12 program. The results

of more than 60% in IL-4 concentration, it was not

were expressed as mean ± standard error (SE). The

significant.

data was evaluated using a one-way ANOVA test.

Additionally,

it

increased

their

concentration in Noc group respect to Oc. IL-10

The Bonferroni multiple comparison tests were

increased their concentration in the Oas2 compared

calculated when the p-value in the ANOVA was

to the Oc group. There were not significant

significant (p<0.05). The Kruskal-Wallis test and

differences between Noc and Oc groups and within

Wilcoxon test of sum and ranges was performed

treated SI oil emulsion group in relation to the TNF-

when the distribution was not normal, or equality of

α, CAT, MDA and ABTS concentration (Table 1).

variances were not equal.

Table 1. Effect of the emulsion of Sacha Inchi (Plukenetia huayllabambana) oil on antioxidant stress: malonaldehyde
(MDA), total antioxidant capacity (FRAP, ABTS), superoxide dismutase (SOD) and catalase (CAT) activities in adipose
tissue of obese rats induced with a high lipid diet.
Noc

Oc

Os1

Os2

Oa

Oas2

MDA (nmol/mg protein)

27.8±2.9

22.7±1.7

29± 3.6

35.5±2.3

29.5± 4.2

19.4±3.3

FRAP (μmol/mg protein)

265.7±8.2**

211.3±16.6

206.7± 15.9

300.1± 17.4**

278.3±34.6

261±38.8

ABTS (mmol/mg protein)

1.21± 0.05

1.08±0.16

0.91± 0.1

1.17± 0.05

1.16± 0.18

1.01±0.03

SOD (U/mg protein)

5.9±0.8*

2.5±0.5

11±2.8**

6.2±0.8**

6.8± 2.3

3.3±0.7

CAT (μmol H2O2/mg
protein)
TNF-α (pg/mg protein)

1474±125.2

1333±120.3

1256±77.8

1370± 60.7

1431±104.5

1246±59.8

90±7.5

58±7.2

69.8±10.1

84±12.1

81.6±7

69±4.1

IL-4 (pg/mg protein)

8.4±0.9**

4.8±0.4

6.2±0.8

7.7±0.9*

7.4±0.8*

6.4±0.2*

IL-10 (pg/mg protein)

13.9±0.7

9.4±2.7

16.2±3.1

15.2±1.1

12.9±4.1

26.5±3**

Noc: non-obese control group, Oc: obese control group, Os1: obese group with emulsion of SI oil 1, Os2: obese group with
emulsion of SI oil 2, Oa: obese group with atorvastatin, Oas2: obese group with emulsion of SI oil 2 plus atorvastatin. *p<0.05
Compared with Oc. **p<0.01 Compared with Oc.
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Effect of SI oil emulsion on NO and leptin in the

group. Leptin hepatic levels did not change

liver: Hepatic NO level was 5.2 times higher in Oc

significantly between Oc and Noc groups, but they

group than Noc group; however, it diminished in 35%

were increased in Os1 and Os2 groups in 36 and 64%,

and 32% in Os1 and Os2 group in contrast with Oc

respectively in comparison with Oc group (p<0.05).

Table 2. Effect of the emulsion of Sacha Inchi (Plukenetia huayllabambana) oil on nitric oxide and leptin of liver
tissue, and adipose tissue cytokines (TNF-α, IL-4 and IL-10) in obesity-induced with a high lipid diet.

NO (nmol/mg
protein)
Leptin (ng/mg
protein)

Noc

Oc

Os1

Os2

Oa

Oas2

3.9±0.59**

20.3±1.32

13.3±1.27**

13.9±0.73*

16.9±1.86

18.6±1.85

5.6±0.37

5.65±0.44

7.67±0.80*

9.26±0.89*

8.08±1.52

6.21±0.57

Noc: non-obese control group, Oc: obese control group, Os1: obese group with emulsion of SI oil 1, Os2: obese group with
emulsion of SI oil 2, Oa: obese group with atorvastatin, Oas2: obese group with emulsion of SI oil 2 plus atorvastatin. *p<0.05
Compared with Oc. **p<0.01 Compared with Oc.

DISCUSSION

About SOD activity in adipose tissue, a significant

An increase in oxidative stress has been reported in

decreased was observed in the Oc group compared

obesity and models for obesity research due to an

to the Noc group, which agrees with findings

imbalance between reactive oxygen and nitrogen

reported in obese induced rodents [15]. This

species in the body´s antioxidant system [15,40,41].

decrease in SOD activity and the lower antioxidant

In the present study, markers of oxidative stress in

capacity in the Oc group can increase oxidative stress

the epididymal adipose tissue showed positive

(Table 1) and lead to deregulation in adipokines

changes in the ferric reducing antioxidant power

production like leptin [15,23]. In treated groups with

(FRAP) and enzymatic activity of SOD. Antioxidants

SI oil emulsion (Os1 and Os2), the enzymatic SOD

protect us against oxidative cellular damage; for this

activity increased compared to the Oc group

reason, measuring the antioxidant capacity in

meaning that a hydrogen peroxide concentration

+

biological samples using FRAP and ABTS methods

also increased. Hydrogen peroxide is degraded by

can be a protective predictor. In our study, the FRAP

glutathione peroxidase (GPx) or CAT, however,

antioxidant capacity values of epididymal adipose

catalase activity did not show a significant increase

tissue of the obese control (Oc) decreased

in treated group. Furthermore, the measure of GPx

confirming that obesity decrease the antioxidant

activity and other markers such as J3-isoprostanes (a

capacity [13,14]. The FRAP marker increased in the

product of EPA and DHA oxidation) that induces the

treated groups due to a higher SOD activity (Table 1),

expression of Nrf2, a transcription factor that

tocopherols, flavonoids and other antioxidants like

regulates antioxidant genes expression [45,46],

OH-1 and NQO1; probably regulated by ω-3 [42–44]

could help to clarify the antioxidants pathway in

but further analysis is required. The increase in

further studies. Although the levels of MDA in

antioxidant capacity in epididymal adipose tissue

treated groups with SI oil emulsion did not change

and hepatic tissue shows that the emulsion of SI oil

significantly, they showed a growing trend (Table 1).

has a tissular effect but not extracellular [23].

For this reason, it can be interesting to further study
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it because MDA is a marker of lipid peroxidation that

finding reinforced the idea that mitochondrial

increase their concentration during obesity [15,41]

oxidation and peroxisomal increased in treated rats

and possibly the treatment could have benefited the

with oils with high content of ω-3 [60]. The emulsion

increasing of ω-3 LCPUFA, as reported in previous

with a high content of ω-3, may change the lipid

studies using chia oil that have a high content of ω-3

composition

[47].

hepatocytes that stimulates the uptake of leptin by

NO is synthesized from the amino acid Larginine, NADPH, and O2 employing the inducible

of

the

cellular

membrane

in

the tissue contributing to lower leptin levels in serum
[23,56,61].

nitric oxide synthase (iNOS). This enzyme is different

In obesity, there is an accumulation of pro-

from the other isoforms (eNOS, nNOS) because it can

inflammatory immune cells in visceral adipose tissue

produce more NO and binds with calmodulin to be

such as T cells and macrophages that can lead to

activated, even with low calcium concentration

chronic inflammation [62–64]. Also, an association

levels [48]. Hepatic NO level was 5.2 times higher in

between obesity and hyperinsulinemia has been

the Oc group than the Noc group, possibly due to an

reported, the latter with the decrease of IL-10 [65].

increase in iNOS activity [49,50]. These findings

Rats treated with a high-fat diet (58% Kcal) and

agree with results of high levels of NO associated

sucrose for 16 weeks showed hyperinsulinemia and

with inflammation and hepatic damage in obesity

reduced expression of IL-10 mRNA in visceral

and obesity models [50–52]. The treatment of SI oil

adipose tissue, spleen and T cells. In the present

emulsion lowered NO levels, as a probable

study, high leptin levels [23] likely increased the

consequence of ω-3 metabolites (EPA and DHA) that

infiltration of T cells and monocytes into hepatic and

can generate peroxidized metabolites that reduce

adipose tissue [62,63], but in treated groups, the

iNOS or can avoid protein and gene expression of NF-

emulsion of SI oil would be regulating serum insulin

κB and iNOS [53–56]. TNF-α, which is capable of

levels by higher production of IL-10 in infiltrated T

increasing iNOS and COX 2, decreased with the

cells. Increased IL-10 in the treated groups with the

treatment and consequently the NO levels [23,57].

emulsion would also increase insulin sensitivity and

Leptin regulates food intake by acting on cell

protection against macrophage tissue infiltration

receptors in the arcuate nucleus, but in obesity, the

[66]. Anti-inflammatory cytokines IL-4 are produced

brain does not respond to this hormone, despite the

by T-cells and natural killers that are negatively

unusually high levels; this leads to "leptin resistance"

correlated with BMI and insulin resistance [67].

that produces an inflammation state [9,58]. SI oil

Additionally, it was reported that natural killer cells

emulsion decreased serum leptin levels in the rat

decrease in obesity and thus the IL-4. The emulsion

groups induced to obesity [23]; nevertheless, the

of SI oil increased the cytokine in epididymal adipose

hormone levels increased in hepatic tissue, which

tissue that could benefit an anti-inflammatory and

would contribute to less storage of triglycerides and

lipolytic effect. In the first, IL-4δ2 inhibits the

fatty acid oxidation since it reduces acetyl-CoA

proliferation of T-cells and expression of COX 2, and

carboxylase (ACC) and fatty acid synthase (FAS), and

in the second effect IL-4 can increase the expression

promotes the expression of CPT1 [10,59]. This

and activity of hormone sensitive lipase through
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PPARγ or PKA [68–70]. This improves the release of

expression and antioxidant capacity in adipose

fatty acids to the serum and oxidation by hepatic

tissue. It would also contribute to the anti-

acyl-CoA oxidase [60]. The ω-3 of the emulsion in the

inflammatory effect by reducing hepatic NO and the

form of EPA was probably increasing IL-4δ2 since it

increment in IL-4 of epididymal adipose tissue.

was tested in an inflammation model using LPS after

Finally, the increase in hepatic leptin would be

rats were supplemented with EPA and gamma-

promoting a possible hepatic lipid oxidation

linolenic acid [71]. Also, EPA and DHA are increased

mechanism that needs further analysis. All these

in adipose tissue of rats treated with SI oil of the

results would be helping normalize metabolic

species Plukenetia volubilis [72]. In our study, the IL-

alterations in the obesity model used.

4 increase in adipose tissue and the growing
tendency of hepatic IL-4 [23] showed that the

List of abbreviations: SI: Sacha Inchi, Noc: Not obese

emulsion would have benefits in the inhibition of

control group, Oc: Obese control, Os1: Obese group

lipid accumulation in adipose and hepatic tissue and

1, Os2: Obese group 2, Oa: Obese group treated with

decrease the inflammation. These statements

atorvastatin, Oas2: Obese group treated with

should be demonstrated in future studies, especially

atorvastatin plus the emulsion of SI oil, NO: Nitric

with different forms of IL-4, since stimulation of

oxide, OS: Oxidative stress, MDA: malondialdehyde,

lipogenesis and inhibition of lipolysis in an in vivo

CAT: catalase, SOD: superoxide dismutase, TBARS:

study of the epididymal adipose tissue in non-obese

thiobarbituric acid reactive species, BHT: beta

rats was observed [73].

hidroxitoluene, TBA: thiobarbituric acid, FRAP: ferric

The kinds of acyl groups that are present in SI oil

reducing antioxidant power, IL-4: Interleukin 4, IL-10:

against

Interleukin 10, TNF-?: Tumor necrosis factor, GPx:

cardiovascular disease, rheumatoid arthritis, cancer,

glutathione peroxidase, iNOS: nitric oxide synthase,

and possibly the severity of viral infections. The

ACC: acetyl-CoA carboxylase, FAS: fatty acid

latter could be considered particularly important in

synthase

are

known

to

provide

protection

the current context of a pandemic caused by COVID19, since there is an apparent relationship between
obesity and the risk of developing severe COVID-19
illness.
The present study reinforced the proposed idea
in our previous study using the same SI oil emulsion
[23]. This latter can help to regulate the biochemical
alterations of obesity in a rodent model.

Authors’ Contributions: Johnny Ambulay, Percy
Rojas, Olga Timoteo, Teresa Barreto, Zayra Vila and
Maxy De los Santos performed all clinical study;
Johnny Ambulay and Ana Colarossi designed the
research; Maria Eguiluz and Johnny Ambulay
analyzed the data and prepared the manuscript.
Competing Interests: All authors have no financial
interests or conflict of interests.

CONCLUSIONS
The emulsion of SI oil (Plukenetia huayllabambana)

Funding: This work was supported by the FINCyT

influences oxidative stress decreasing NO hepatic

(National Innovation Science and Technology funds)

marker and

[grant number 046-FINCyT-PITEI]

increasing superoxide dismutase

Functional Foods in Health and Disease 2021; 11(3): 92-103
REFERENCES
1.

2.

3.

5.

Alonso-Iglesias E. Oxidant mechanisms in childhood
obesity: The link between inflammation and oxidative

Surg Oncol 2017;2:e19.

stress. Transl Res 2011;158:369–84.

[Blüher

and

13. Amirkhizi F, Siassi F, Djalali M, Foroushani AR.

pathogenesis. Nat Rev Endocrinol 2019;15:288–98.

M.

Obesity:

global

epidemiology

Evaluation of oxidative stress and total antioxidant

https://doi.org/10.1038/s41574-019-0176-8.

capacity in women with general and abdominal

Organización Mundial de la Salud. Obesidad y

adiposity. Obes Res Clin Pract 2010;4:e209–46.

Febrero

2018.

Berrouiguet A, Tessier C, et al. Effects of the association

sheets/detail/obesity-and-overweight.

of aging and obesity on lipids, lipoproteins and oxidative

Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette

stress biomarkers: A comparison of older with young

J, Duhamel A, et al. High Prevalence of Obesity in Severe

men. Nutr Metab Cardiovasc Dis 2011;21:792–9.

Acute Respiratory Syndrome Coronavirus‐2 (SARS‐CoV‐

15. Furukawa S, Fujita T, Shumabukuro M, Iwaki M, Yamada

2) Requiring Invasive Mechanical Ventilation. Obesity

Y, Makajima Y, et al. Increased oxidative stress in

2020;28:1195–9. https://doi.org/10.1002/oby.22831.

obesity and its impact on metabolic syndrome. J Clin

Lighter J, Phillips M, Hochman S, Sterling S, Johnson D,

Invest 2004;114:1752–61.

Francois F, et al. Obesity in Patients Younger Than 60

16. Marín-Royo G, Rodríguez C, Le Pape A, Jurado-López R,

Years Is a Risk Factor for COVID-19 Hospital Admission.

Luaces M, Antequera A, et al. The role of mitochondrial

Clin

oxidative stress in the metabolic alterations in diet-

Infect

Dis

2020;71:896–7.

induced obesity in rats. FASEB J 2019;33:12060–72.

Blüher M, Fasshauer M, Tönjes A, Kratzsch J, Schön MR,

17. Savini I, Catani MV, Evangelista D, Gasperi V, Avigliano

Paschke R. Association of interleukin-6, C-reactive

L. Obesity-associated oxidative stress: Strategies

protein,

finalized to improve redox state. Int J Mol Sci

interleukin-10

and

adiponectin

plasma

concentrations with measures of obesity, insulin
sensitivity and glucose metabolism. Exp Clin Endocrinol

7.

9.

2013;14:10497–538.
18. Weydert CJ, Cullen JJ. Measurement of superoxide

Diabetes 2005;113:534–7.

dismutase, catalase and glutathione peroxidase in

Ellulu MS, Patimah I, Khaza’ai H, Rahmat A, Abed Y.

cultured

Obesity and inflammation: The linking mechanism and

https://doi.org/10.1038/nprot.2009.197.

the complications. Arch Med Sci 2017;13:851–63.
8.

14. Karaouzene N, Merzouk H, Aribi M, Merzouk SA, Yahia

http://www.who.int/es/news-room/fact-

https://doi.org/10.1093/cid/ciaa415.
6.

Page 100 of 103

Agha M, Agha R. The rising prevalence of obesity. Int J

sobrepeso.

4.

www.ffhdj.com

cells

and

tissue.

Nat

Protoc

2010.

19. Wang S, Zhu F, Kakuda Y. Sacha inchi (Plukenetia

Saltiel AR, Olefsky JM. Inflammatory mechanisms

volubilis L.): Nutritional composition, biological activity,

linking obesity and metabolic disease 2017;127:1–4.

and

Kang YE, Kim JM, Joung KH, Lee JH, You BR, Choi MJ, et

https://doi.org/10.1016/j.foodchem.2018.05.055.

al. The roles of adipokines, proinflammatory cytokines,

20. Ramos-Escudero F, Muñoz AM, Ramos Escudero M,

uses.

Food

Chem

2018;265:316–28.

and adipose tissue macrophages in obesity-associated

Viñas-Ospino

insulin resistance in modest obesity and early metabolic

Characterization of commercial Sacha inchi oil

dysfunction. PLoS One 2016;11:1–14.

according to its composition: tocopherols, fatty acids,

10. Minokoshi Y, Kim Y, Peroni O, Müllerr C, Carling D, Kahn

A,

Morales

MT,

Asuero

sterols, triterpene and aliphatic alcohols. J Food Sci

B. Leptin stimulates fatty-acid oxidation by activating

Technol

AMP-activated protein kinase. Nature 2002;415:339–

https://doi.org/10.1007/s13197-019-03938-9.

43.
11. Noronha BT, Li J, Wheatcroft SB, Shah AM, Kearney MT.
Inducible nitric oxide synthase has divergent effects on
vascular and metabolic function in obesity. Prism
2005;54:1082–9.
12. Codoñer-Franch P, Valls-Bellés V, Arilla-Codoñer A,

AG.

2019;56:4503–15.

21. Calder PC. Omega-3 fatty acids and inflammatory
processes: From molecules to man. Biochem Soc Trans
2017;45:1105–15.
22. Valenzuela B R, Tapia G, Gonzalez M, Valenzuela B A.
Ácidos grasos omega-3 (epa y dha) y su aplicación en
diversas

situaciones

clínicas.

Rev

Chil

Nutr

Functional Foods in Health and Disease 2021; 11(3): 92-103
2011;38:356–67.

www.ffhdj.com

Page 101 of 103

fish oil. Nutr Res 2001;21:1529–44.

23. Ambulay JP, Rojas PA, Timoteo OS, Barreto T V.,

36. Marklund S, Marklund G. Involvement of the superoxide

Colarossi A. Effect of the emulsion of Sacha Inchi

anion radical in the autoxidation of pyrogallol and a

(Plukenetia huayabambana) oil on oxidative stress and

conveniente assay for superoxide dismutase. Eur J

inflammation in rats induced to obesity. J Funct Foods
2019;64:103631.
24. Ricci MR, Levin BE. Ontogeny of diet-induced obesity in
selectively bred Sprague-Dawley rats. Am J Physiol
Integr Comp Physiol 2015;285:R610–8.
25. Simson EL, Gold RM. The lee obesity index vindicated?
Physiol Behav 1982;29:371–6.

Biochem 1974;47:469–474.
37. Sinha AK. Colorimetric assay of catalase. Anal Biochem
1972;47:389–94.
38. Noeman S, Hamooda HE, Baalash AA. Biochemical study
of oxidative stress markers in the liver, kidney and heart
of high fat diet induced obesity in rats. Diabetol Metab
Syndr 2011;3:17.

26. Carroll JF, Zenebe WJ, Strange TB. Cardiovascular

39. Sánchez-Lozada LG, Mu W, Roncal C, Sautin YY,

function in a rat model of diet-induced obesity.

Abdelmalek M, Sirirat R, et al. Comparison of free

Hypertension 2006;48:65–72.

fructose and glucose to sucrose in the ability to cause

27. Donovan J, Brown P. Euthanasia. Curr Protoc Immunol
2006;Chapter 1:Unit 1.8.
28. Donovan J, Brown P. Blood collection. Equine
Emergencies Treat Proced 2006;Chapter 1:Unit 1.7.
29. Estepa V, Ródenas S, Martín M. Optimización de un

fatty liver. Eur J Nutr 2010;49:1–9.
40. Vial G, Dubouchaud H, Couturier K, Cottet-Rousselle C,
Taleux N, Athias A, et al. Effects of a high-fat diet on
energy metabolism and ROS production in rat liver. J
Hepatol 2011;54:348–56.

método para la determinación de la peroxidación

41. Vincent HK, Taylor AG. Biomarkers and potential

lipídica en suero humano. Anal Real Acad Farm

mechanisms of obesity-induced oxidant stress in

2001;67:447–61.

humans. Int J Obes 2006;30:400–18.

30. Ohkawa H, Ohishi N, Yagi K. Assay for Lipid Peroxides in

42. Chirinos R, Zuloeta G, Pedreschi R, Mignolet E,

Animal Tissues Thiobarbituric Acid Reaction. Anal

Larondelle Y, Campos D. Sacha inchi (Plukenetia

Biochem 1979;95:351–8.

volubilis): A seed source of polyunsaturated fatty acids,

31. Niki E. Assessment of antioxidant capacity in vitro and
in vivo. Free Radic Biol Med 2010;49:503–15.

tocopherols, phytosterols, phenolic compounds and
antioxidant capacity. Food Chem 2013;141:1732–9.

https://doi.org/10.1016/j.freeradbiomed.2010.04.016.

43. Fanali C, Dugo L, Cacciola F, Beccaria M, Grasso S, Dachà

32. Katalinic V, Modun D, Music I, Boban M. Gender

M, et al. Chemical characterization of Sacha inchi

differences in antioxidant capacity of rat tissues

(Plukenetia volubilis L.) oil. J Agric Food Chem

determined by 2,2-azinobis (3-ethylbenzothiazoline 6-

2011;59:13043–9.

sulfonate; ABTS) and ferric reducing antioxidant power

44. Kusunoki C, Yang L, Yoshizaki T, Nakagawa F, Ishikado A,

(FRAP) assays. Comp Biochem Physiol C Toxicol

Kondo M, et al. Omega-3 polyunsaturated fatty acid has

Pharmacol 2005;140:47–52.

an anti-oxidant effect via the Nrf-2/HO-1 pathway in

33. Benzie IFF, Strain JJ. The ferric reducing ability of plasma
(FRAP) as a measure of ‘“antioxidant power”’: the FRAP
assay. Anal Biochem 1996;239:70–6.

3T3-L1 adipocytes. Biochem Biophys Res Commun
2013;430:225–30.
45. Castillo RL, Arias C, Farías JG. Omega 3 chronic

34. Erel O. A novel automated direct measurement method

supplementation attenuates myocardial ischaemia-

for total antioxidant capacity using a new generation,

reperfusion injury through reinforcement of antioxidant

more stable ABTS radical cation. Clin Biochem

defense

2004;37:277–85.

system

in

rats.

Cell

Biochem

Funct

2014;32:274–81.

35. Luostarinen RL, Laasonen K, Calder PC. α-tocopherol

46. Gao L, Wang J, Sekhar KR, Yin H, Yared NF, Schneider SN,

concentrations, lipid peroxidation and superoxide

et al. Novel n-3 fatty acid oxidation products activate

dismutase and glutathione peroxidase activities in rat

Nrf2 by destabilizing the association between Keap1

heart and liver after feeding stabilized and unstabilized

and Cullin3. J Biol Chem 2007;282:2529–37.

Functional Foods in Health and Disease 2021; 11(3): 92-103
47. González-Mañán D, Tapia G, Gormaz JG, D’Espessailles

www.ffhdj.com

Page 102 of 103

Nutr 2014;5:356–67.

A, Espinosa A, Masson L, et al. Bioconversion of α-

57. Bhattacharya I, Domínguez AP, Drägert K, Humar R,

linolenic acid to n-3 LCPUFA and expression of PPAR-

Haas E, Battegay EJ. Hypoxia potentiates tumor necrosis

alpha, acyl Coenzyme A oxidase 1 and carnitine acyl

factor-α induced expression of inducible nitric oxide

transferase I are incremented after feeding rats with α-

synthase and cyclooxygenase-2 in white and brown

linolenic acid-rich oils. Food Funct 2012;3:765–72.

adipocytes.

48. Sharma JN, Parvathy SS. Review Role of nitric oxide in
inflammatory

diseases.

Inflammopharmacol

2007;15:252–9.

Biochem

Biophys

Res

Commun

2015;461:287–92.
58. Fan C, Zirpoli H, Qi K. n-3 fatty acids modulate adipose
tissue inflammation and oxidative stress. Curr Opin Clin

49. Iwakiri Y, Kim MY. Nitric oxide in liver diseases. Trends
Pharmacol Sci 2015;36:524–36.

Nutr Metab Care 2013;16:124–32.
59. Joffin N, Niang F, Forest C, Jaubert AM. Is there NO help

50. Mantena SK, Vaughn DP, Andringa KK, Eccleston HB,

for leptin? Biochimie 2012;94:2104–10.

King AL, Abrams GA, et al. High fat diet induces

60. Ide T. Effect of dietary α -linolenic acid on the activity

dysregulation of hepatic oxygen gradients and

and gene expression of hepatic fatty acid oxidation

mitochondrial

enzymes. Biofactors 2000;13:9–14.

function

in

vivo.

Biochem

J

2009;417:183–93.

61. Riediger ND, Othman R, Fitz E, Pierce GN, Suh M,

51. Ivey R, Desai M, Green K, Sinha-Hikim I, Friedman TC,

Moghadasian MH. Low n-6:n-3 fatty acid ratio, with fish-

Sinha-Hikim AP. Additive effects of nicotine and high-fat

or flaxseed oil, in a high fat diet improves plasma lipids

diet on hepatocellular apoptosis in mice: Involvement

and beneficially alters tissue fatty acid composition in

of caspase 2 and inducible nitric oxide synthase-

mice. Eur J Nutr 2008;47:153–60.

mediated intrinsic pathway signaling. Horm Metab Res
2014;46:568–73.
52. Sansbury BE, Hill BG. Regulation of obesity and insulin
resistance by nitric oxide. Free Radic Biol Med
2014;73:383–99.

62. Bastard PJ, Maachi M, Lagathu C, Kim JM, Caron M,
Vidal H, et al. Recent advances in the relationship
between obesity, inflammation, and insulin resistance.
Eur Cytokine Netw 2006;17:4–12.
63. Curat CA, Miranville A, Sengenès C, Diehl M, Tonus C,

53. Araki Y, Matsumiya M, Matsuura T, Oishi M, Kaibori M,

Busse R, et al. From blood monocytes to adipose tissue-

Okumura T, et al. Peroxidation of n-3 polyunsaturated

resident macrophages: induction of diapedesis by

fatty acids inhibits the induction of inos gene expression

human mature adipocytes. Diabetes 2004;53:1285–92.

in proinflammatory cytokine-stimulated hepatocytes. J

64. Zulet MA, Puchau B, Navarro C, Martí A, Martínez

Nutr Metab 2011;2011:374542.
54. Baker PRS, Schopfer FJ, Donnell VBO, Freeman BA.
Convergence of nitric oxide and sipid Signalling: antiinflammatory nitro-fatty acids. Free Radic Biol Med
2010;46:989–1003.
55. Ren J, Chung SH. Anti-inflammatory effect of α-linolenic
acid and its mode of action through the inhibition of

Hernández JA. Biomarcadores del estado inflamatorio:
Nexo de unión con la obesidad y complicaciones
asociadas. Nutr Hosp 2007;22:511–27.
65. Han JM, Patterson SJ, Speck M, Ehses JA, Levings MK.
Insulin Inhibits IL-10–Mediated Regulatory T Cell
Function:

Implications

for

Obesity.

J

Immunol

2014;192:623–9.

nitric oxide production and inducible nitric oxide

66. [Hong EG, Hwi JK, Cho YR, Kim HJ, Ma Z, Yu TY, et al.

synthase gene expression via NF-κB and mitogen-

Interleukin-10 prevents diet-induced insulin resistance

activated protein kinase pathways. J Agric Food Chem

by attenuating macrophage and cytokine response in

2007;55:5073–80.

skeletal muscle. Diabetes 2009;58:2525–35.

56. Valenzuela B R, Barrera R C, Gonzalez-Astorga M,

67. Ji Y, Sun S, Xu A, Bhargava P, Yang L, Lam KSL, et al.

Sanhueza C J, Valenzuela B A, Tapia O G, et al. Alpha

Activation of natural killer T cells promotes M2

linolenic acid (ALA) from Rosa canina, sacha inchi and

macrophage polarization in adipose tissue and

chia oils may increase ALA accretion and its conversion

improves systemic glucose tolerance via interleukin-4

into n-3 LCPUFA in diverse tissues of the rat. Rev Chil

(IL-4)/STAT6 protein signaling axis in obesity. J Biol

Functional Foods in Health and Disease 2021; 11(3): 92-103
Chem 2012;287:13561–71.

www.ffhdj.com

Page 103 of 103

concentrations of IL-4 and IL-10 and abrogate

68. Luzina IG, Keegan AD, Heller NM, Rook GAW, Shea-

lipopolysaccharide-induced inhibition of long-term

Donohue T, Atamas SP. Regulation of inflammation by

potentiation. Prostaglandins Leukot Essent Fat Acids

interleukin-4: a review of “alternatives.” J Leukoc Biol

2004;70:391–7.

2012;92:753–64.

72. [Rincón-Cervera MÁ, Valenzuela R, Hernandez-Rodas

69. Shiau MY, Chuang PH, Yang CP, Hsiao CW, Chang SW,

MC, Barrera C, Espinosa A, Marambio M, et al.

Chang KY, et al. Mechanism of Interleukin-4 Reducing

Vegetable oils rich in alpha linolenic acid increment

Lipid Deposit by Regulating Hormone-Sensitive Lipase.

hepatic n-3 LCPUFA, modulating the fatty acid

Sci Rep 2019;9:1–11.

metabolism

and

antioxidant

response

in

rats.

70. Tsao CH, Shiau MY, Chuang PH, Chang YH, Hwang J.

Prostaglandins Leukot Essent Fat Acids 2016;111:25–35.

Interleukin-4 regulates lipid metabolism by inhibiting

73. Szczepankiewicz D, Skrzypski M, Pruszyńska-Oszmałek

adipogenesis and promoting lipolysis. J Lipid Res

E, Kołodziejski PA, Sassek M, Stefańska B, et al.

2014;55:385–97.

Interleukin 4 affects lipid metabolism and the

71. Kavanagh T, Lonergan PE, Lynch MA. Eicosapentaenoic
acid and gamma-linolenic acid increase hippocampal

expression of pro-inflammatory factors in mature rat
adipocytes. Immunobiology 2018;223:677–83.

